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ducible nitric oxide synthase (iNOS), cyclooxygenase-2
(COX-2), and other genes associated with vascular
injury and inflammation in atherosclerosis are mediated predominantly by nuclear factor-B (NF-B) (2, 7,
9, 13). Angiotensin II (ANG II), a potent vasoconstrictor, has been implicated in vascular inflammation and
progression of atherosclerosis (4, 10, 17, 18, 38). It has
been demonstrated that ANG II activates NF-B (4,
32), which triggers the expression of pro-inflammatory
and pro-oxidant genes implicated in the pathogenesis
of atherosclerosis and its complications (1, 29, 30).
The peroxisome proliferator-activated receptors
(PPARs) are members of the nuclear receptor superfamily of transcription factors that control the expression of a large array of genes. Experimental data indicate that both PPAR-␣ and -␥ may play important roles
in modulating vascular inflammation. Inflammation,
induced by arachidonic acid or its derivative leukotriene B4 (LTB4), is prolonged in mice with targeted
disruption of the PPAR-␣ gene (12). It has been suggested that many of these anti-inflammatory effects of
PPARs may be due to inhibition of the NF-B signaling
pathway (11, 22, 36).
The present study examined the effects of ANG II on
expression of a number of NF-B-dependent pro-inflammatory genes and PPAR-␣ and -␥ mRNA and protein expression in the vascular wall in an in vivo mouse
model of atherosclerosis and aneurysm formation (10).
Our data indicate that ANG II induces NF-B-dependent pro-inflammatory genes and downregulates
PPAR-␣ and -␥ mRNA and protein expression in
apoE-KO mice. Reduced PPAR expression may attenuate an important anti-inflammatory defense mechanism, thus contributing to ANG II-induced vascular
inflammation.
METHODS

is a hallmark of atherosclerosis.
The expression of chemokines, adhesion molecules, inCHRONIC INFLAMMATION
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Animals. All animal protocols were approved by the Institutional Animal Care and Use Committee at the University
of California at Davis and Berlex Biosciences. Osmotic
minipumps (Alzet, model 2004; ALZA, Palo Alto, CA) containing either phosphate-buffered saline (PBS) or ANG II
(1.44 mg 䡠 kg⫺1 䡠 day⫺1; Calbiochem, La Jolla, CA) were implanted subcutaneously in 6-mo-old male apolipoprotein Edeficient (apoE-KO) mice for 30 days. After 30 days, systolic
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00062.2002.—Angiotensin II (ANG II) promotes vascular inflammation through nuclear factor-B (NF-B)-mediated induction of pro-inflammatory genes. The role of peroxisome
proliferator-activated receptors (PPARs) in modulating vascular inflammation and atherosclerosis in vivo is unclear.
The aim of the present study was to examine the effects of
ANG II on PPARs and NF-B-dependent pro-inflammatory
genes in the vascular wall in an in vivo model of atherosclerosis and aneurysm formation. Six-month-old male apolipoprotein E-deficient (apoE-KO) mice were treated with
ANG II (1.44 mg/kg per day for 30 days). ANG II enhanced
vascular inflammation, accelerated atherosclerosis, and
induced formation of abdominal aortic aneurysms. These
effects of ANG II in the aorta were associated with downregulation of both PPAR-␣ and PPAR-␥ mRNA and protein
and an increase in transcription of monocyte chemotactic
protein-1 (MCP-1), macrophage-colony stimulating factor
(M-CSF), endothelial-selectin (E-selectin), intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), inducible nitric oxide synthase (iNOS),
and cyclooxygenase-2 (COX-2) throughout the entire aorta.
ANG II also activated NF-B with increases in both p52
and p65 NF-B subunits. In summary, these in vivo results
indicate that ANG II, through activation of NF-B-mediated pro-inflammatory genes, promotes vascular inflammation, leading to acceleration of atherosclerosis and induction of aneurysm in apoE-KO mice. Downregulation of
PPAR-␣ and -␥ by ANG II may diminish the anti-inflammatory potential of PPARs, thus contributing to enhanced
vascular inflammation.
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5⬘-AATGCCTTATTGGCGAGCAC-3⬘ (forward), 5⬘-CACTGCTTGCTGTACACCAGAAA-3⬘ (reverse).
Equal amounts of cDNA were used in duplicates and
amplified with the SYBR Green I Master Mix (Applied Biosystems). The thermal cycling parameters were as follows:
thermal activation for 10 min at 95°C, and 40 cycles of PCR
(melting for 15 s at 95°C and annealing/extension for 1 min at
60°C). A standard curve was constructed with a dilution
curve (1:5, 1:10, 1:20, 1:40, 1:80, 1:160, 1:320, 1:640) of total
RNA from mouse aorta. A “no template control” was included
with each PCR. Amplification efficiencies were validated and
normalized against GAPDH or von Willebrand factor (vWF).
Correct PCR product size was confirmed by electrophoresis
through a 1% agarose gel stained with ethidium bromide.
Purity of the amplified PCR products was determined by a
heat-dissociation protocol.
ELISA. Serum soluble factors, sMCP-1 (Biosource International, Belgium) and sICAM-1 (Endogen, Woburn, MA),
were measured by ELISA. Samples bound to gelatin that had
been immobilized onto microtiter wells were detected with a
monoclonal antibody raised against that particular mouse
plasma soluble factor. The assay was developed with horseradish peroxidase (HRP) conjugate antibody against rabbit
IgG and 3,3⬘,5,5⬘-tetramethylbenzidine (TMB) substrate, and
the reaction was stopped with 2 mM H2SO4. Samples were
appropriately diluted for each assay.
Western blot analysis. Whole aortas were collected and
rinsed in PBS for analysis of protein expression. Cytoplasmic
and nuclear extracts of aortic tissue were isolated using
NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Pierce, Rockford, IL) and a protease inhibitor cocktail
(Sigma Chemical, St. Louis, MO). Tissues were homogenized
on ice using a Tissue Tearor (Biospecs Products, Racine, WI).
Protein concentration was measured by a modified Lowry
assay kit (Bio-Rad, Hercules, CA), using bovine IgG as the
standard. Fifty micrograms of cytoplasmic tissue extract and
10 g of nuclear tissue extract were electrophoresed on 12.5%
SDS-polyacrylamide gels under reducing conditions (100 mM
DTT) and transferred onto a membrane (Immobilon-P PVDF;
Millipore, Woburn, MA) using a semi-dry electroblotter (Owl
Scientific, Woburn, MA). The membranes were blocked with
Tris-buffered saline (TBS) containing 0.05% polyethylenesorbitan monolaurate (Tween 20) (TBST) and 10% (wt/vol)
nonfat dry milk at room temperature for 1 h and then
incubated for 1 h with the primary antibody. The primary
antibodies were as follows: 5 g/ml dilution of PPAR-␣ (goat
polyclonal antibodies raised against a peptide corresponding
to amino acids 2–21 mapped at the amino terminus of the
human PPAR-␣) (Research Diagnostics, Flanders, NJ) and
1:100 dilution of PPAR-␥ (rabbit polyclonal antibodies raised
against a recombinant protein corresponding to amino acids
6–105 sequence mapping to the amino terminus of PPAR-␥ of
human origin) (Santa Cruz Biotechnology, Santa Cruz, CA).
After washing the membranes in TBST, the immunoblots
were incubated with the secondary antibody goat anti-rabbit
IgG-HRP (Santa Cruz Biotechnology) for PPAR-␣ and donkey anti-rabbit IgG-HRP (Pierce) for PPAR-␥ at a 1:15,000
dilution for 1 h at room temperature. The blots were then
developed with Super Signal West Pico Chemiluminescent
Substrate (Pierce). Blots were exposed to X-ray film and were
quantified using the Kodak Electrophoresis Documentation
and Analysis System 290 (Eastman-Kodak, Rochester, NY).
Blots were stripped with Restore Western blot stripping
buffer (Pierce) and reprobed with a 1:15,000 dilution of
smooth muscle actin (Research Diagnostics) and secondary
anti-mouse antibody at a 1:15,000 dilution (Santa Cruz Biowww.physiolgenomics.org
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blood pressure and heart rate were measured in conscious
mice using a tail-cuff system (Kent Scientific, Litchfield, CT).
Mice were trained to lie quietly in a restrainer placed on a
warm pad for a period of at least 30 min for 1–4 days before
the study. On the day of the study, the mice were placed in
the temperature-controlled restrainer for 15 min. Blood pressure was then measured repeatedly and recorded on a data
acquisition system (PowerLab, 16/s, ADInstruments, Australia). Systolic blood pressure and heart rate were averaged
from five consecutive measurements. Mice were euthanized
by CO2 asphyxiation. The diameter of the suprarenal aorta
was measured postmortem by direct measurement of cross
sections.
Quantification of atherosclerosis. The left and right carotid
arteries were dissected, cut open longitudinally, and pinned
down individually on silicon-coated petri dishes. Atherosclerotic plaques were visible without staining. The images of the
open luminal surface of both carotid arteries were recorded
by a digital camera (Sony) mounted on a dissecting microscope. The plaque area was quantified using C-Imaging Systems (Compix, Cranberry Township, PA) and expressed as a
percentage of the total luminal surface area of the carotid
arteries.
Metabolic studies. Fasting serum levels of total cholesterol
(TC), low-density lipoprotein (LDL), high-density lipoprotein
(HDL), and triglyceride (TG) were measured by IDEXX
(Sacramento, CA). Fasting serum glucose was measured on
a Beckman glucose analyzer 2 (Beckman, Brea, CA) using
the glucose oxidase method, and fasting insulin levels
were assayed by radioimmunoassay (Linco Research, St.
Charles, MI).
RT-PCR-based quantitative gene expression analysis. Realtime detection of PCR was performed using the GeneAmp
5700 sequence detection system (Applied Biosystems, Foster
City, CA). The differential displays of aortic mRNAs for
PPAR-␣, PPAR-␥, monocyte chemotactic protein-1 (MCP-1),
macrophage-colony stimulating factor (M-CSF), endothelialselectin (E-selectin), intercellular adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1),
iNOS, and COX-2 were determined. Total RNA from four
sections of the aorta (arch, thoracic, suprarenal, infrarenal)
was isolated using an RNA isolation reagent (RNeasy kit;
QIAGEN, Valencia, CA). Total RNA was used to generate
cDNA for oligo-dT oligodeoxynucleotide primer (T12 – 18)
following the protocol for SuperScript II RNase H-reverse
transcriptase (Life Technologies, Rockville, MD). The following primers were designed using Primer Express software (Applied Biosystems) and synthesized by Operon
(Alameda, CA): PPAR-␣, 5⬘-CCTCTTCCCAAAGCTCCTTCA-3⬘
(forward), 5⬘-CTGCGTCGGACTCGGTCTT-3⬘ (reverse);
PPAR-␥, 5⬘-GAGATCATCTACACGATGCTGGC-3⬘ (forward),
5⬘-CGCAGGCTTTTGAGGAACTC-3⬘ (reverse); MCP-1, 5⬘-CAGCCAGATGCAGTTAACGC-3⬘ (forward), 5⬘-GCCTACTCATTGGGATCATCTTG-3⬘ (reverse); M-CSF, 5⬘-AGCATGGACAGGCAGGGAC-3⬘ (forward), 5⬘-CTGCGTGCCTTTATGCCTTT-3⬘
(reverse); E-selectin, 5⬘-GGCAGACATATTGGCTTTATCCC-3⬘
(forward), 5⬘-GATGGATCTCATGCTGGCTTC-3⬘ (reverse);
ICAM-1, 5⬘-GAGTTTTACCAGCTATTTATTGAGTACCC-3⬘
(forward), 5⬘-CTCTCACAGCATCTGCAGCAG-3⬘ (reverse);
VCAM-1, 5⬘-TTAAAGTCTGTGGATGGCTCGTAC-3⬘ (forward),
5⬘-CTTAATTGTCAGCCAACTTCAGTCTT-3⬘ (reverse); iNOS,
5⬘-GATGGTCCGCAAGAGAGTGC-3⬘(forward), 5⬘-AACGTA
GACCTTGGGTTTGCC-3⬘(reverse); COX-2, 5⬘-TACAAGCAGTGGCAAAGGCC-3⬘(forward), 5⬘-TGATGTGTACGGCTTCAGGG3⬘(reverse); GAPDH, 5⬘-GCAACAGGGTGGTGGACCT-3⬘ (forward), 5⬘-GGATAGGGCCTCTCTTGCTCA-3⬘ (reverse); vWF,
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Table 1. Effects of angiotensin II in apolipoprotein
E-deficient mice
Vehicle

Body wt, g
Systolic blood pressure,
mmHg
Carotid plaque area, %
Diameter of suprarenal
aorta, mm
Total cholesterol, mg/dl
LDL, mg/dl
HDL, mg/dl
Triglyceride, mg/dl
Glucose, mg/dl
Insulin, ng/dl

ANG II

29.3 ⫾ 0.6 (16)

27.5 ⫾ 0.3† (20)

124 ⫾ 4 (4)
5 ⫾ 1.9 (4)

160 ⫾ 12* (7)
34.6 ⫾ 3.6‡ (10)

0.89 ⫾ 0.02 (7)
589 ⫾ 35 (26)
552 ⫾ 42 (18)
43 ⫾ 3 (19)
172 ⫾ 11 (20)
115 ⫾ 9 (26)
0.58 ⫾ 0.06 (14)

1.9 ⫾ 0.2‡ (12)
637 ⫾ 28 (24)
523 ⫾ 21 (25)
65 ⫾ 5‡ (25)
237 ⫾ 21† (25)
107 ⫾ 7 (24)
0.54 ⫾ 0.05 (13)

Data are means ⫾ SE; no. of animals is in parentheses. * P ⬍ 0.05,
† P ⬍ 0.01, and ‡ P ⬍ 0.001, significantly different from vehicle.

Bonferroni post hoc test) for normally distributed populations, and Kruskal-Wallis ANOVA (with a Dunn’s post hoc
test) for nonnormally distributed populations, when comparing groups of three or more. P ⬍ 0.05 was considered statistically significant.
RESULTS

Chronic infusion (30 days) of ANG II in apoE-KO
mice resulted in an increase in systolic blood pressure
and a sixfold increase in carotid plaque area (Table 1).
All mice treated with ANG II developed aneurysms
that were consistently localized to the suprarenal region of the abdominal aorta. None of the vehicletreated mice developed aneurysms. The average outer
diameter of the suprarenal aorta of the ANG II-treated
group was approximately twofold greater than that of
the vehicle controls (P ⬍ 0.001). Compared with the
vehicle controls, the ANG II-treated mice showed a
slight decrease in body weight, a 38% increase in serum TG, and a 51% increase in HDL, with no significant effects on TC, LDL, or fasting serum glucose and
insulin levels.
ANG II decreased expression of PPAR-␣ and PPAR-␥
in the aortic wall. ANG II treatment was associated
with a reduction of the mRNA levels of both PPAR-␣
and PPAR-␥ in all four sections of the aorta (arch,
thoracic, suprarenal, infrarenal) compared with the
vehicle controls (Fig. 1). Specifically, ANG II treatment
significantly decreased PPAR-␣ gene expression in the
arch, suprarenal, and infrarenal aorta compared with
vehicle controls. ANG II treatment reduced PPAR-␥
gene expression by 45–85% throughout the entire aortic tree, although this was not statistically significant.
PPAR gene expression was not statistically significant
between the four sections of the aorta within each
treatment group. Western blot analysis of the aorta
detected PPAR-␣ and -␥ protein in both the cytoplasmic and nuclear protein fractions. The expression of
both cytoplasmic and nuclear PPAR-␣ protein was significantly decreased by 46% (P ⬍ 0.05) and 8% (P ⬍
0.001), respectively, in the ANG II-treated group compared with the vehicle controls (data not shown). The
expression of both cytoplasmic and nuclear PPAR-␥
www.physiolgenomics.org
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technology) as a loading control. Both cytoplasmic PPAR-␣
and -␥ were normalized to actin.
Immunohistochemistry. At the end of each experiment, the
aorta was perfused at a constant pressure of 100 mmHg
through the heart with PBS followed by warm (37°C) agarose
(Sea-Plaque GTG Agarose, low melt; FRMC BioProducts,
Rockland, ME) diluted in saline (3% wt/vol) and colored with
a green tissue dye. After the agarose had solidified, the
abdominal aorta was dissected free from the surrounding
connective tissue and pinned onto a wax block before fixation
in 10% formalin. Cross sections of aorta (2.5 mm in thickness) were made between the superior mesenteric and right
renal arteries. A small portion of the right renal artery was
left attached to the samples to facilitate orientation of the
specimen. These tissues were dehydrated through a graded
ethanol series, cleared with xylene, infiltrated with warm
paraffin, embedded in paraffin blocks, and cut at 5-m thick
sections onto gelatin-coated glass slides. The sections were
first treated with 0.3% H2O2 in PBS for 30 min to abolish
endogenous peroxidase activity. Sections then were incubated for 1 h at room temperature with the following primary
antibodies: 10 g/ml dilution of PPAR-␣ (goat polyclonal
antibodies raised against a peptide corresponding to amino
acids 2–21 mapped at the amino terminus of the human
PPAR-␣) (Research Diagnostics) and 1:200 dilution PPAR-␥
(rabbit polyclonal antibodies raised against a peptide corresponding to amino acids 82–101 of human PPAR-␥) (Cayman
Chemical, Ann Arbor, MI). After several washes with PBS,
sections were detected with streptavidin-HRP at a 1:100
dilution plus nickel-enhanced 3,3⬘-diaminobenzidine (DAB)
and counterstained with hematoxylin. Rabbit IgG was used
as a negative control (Sigma Chemical). Parallel staining
using anti-macrophage antibody (Mac-3; BD Pharmingen,
San Diego, CA) and anti-smooth muscle actin antibody confirmed that PPAR-␣- and PPAR-␥-positive cells were macrophages and smooth muscle cells, respectively. Separate sections were stained with hematoxylin and eosin.
Assessment of NF-B activation by electrophoretic mobility
shift assay (EMSA). Nuclear extracts of aortic tissue were
isolated using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Pierce). Protein concentrations were determined
as described above. The NF-B consensus oligonucleotide
(5⬘-AGTTGAGGGGACTTTCCCAGGC-3⬘; Santa Cruz Biotechnology) was 3⬘ end-labeled with biotin (Pierce). The binding reactions containing equal amounts of protein (10 g) and
20 fmol of oligonucleotide were performed for 20 min in
binding buffer [2.5% glycerol, 5 mmol/l MgCl2, 50 ng/l
poly(dI-dC), 0.05% NP-40; Pierce]. The reaction volumes
were held constant to 20 l. For supershift assays, 1 l of
polyclonal antibody to NF-B1 (p50), NF-B2 (p52), or Rel A
(p65) (Santa Cruz Biotechnology) was added to the binding
reactions. The reaction products were separated in a 6%
polyacrylamide gel, detected with streptavidin-HRP and analyzed by autoradiography. For detection of nuclear NF-B
subunits, polyclonal antibody to p50, p52, or p65 was used at
a 1:100 dilution in a Western blot analysis as previously
described. The NF-B activation was quantified using the
Kodak Electrophoresis Documentation and Analysis System
290 (Eastman-Kodak). For competition assays, 50 ng of unlabeled oligonucleotide was added to the nuclear extracts
before formulation of DNA/protein complexes to confirm the
specificity of this NF-B binding assay. A mutant NF-B
consensus oligonucleotide (Santa Cruz Biotechnology) was
used as a negative control.
Statistical analysis. Data are means ⫾ SE. Statistical
analysis was performed between two groups using two-tailed
Student’s t-test for unpaired values, one-way ANOVA (with a
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protein was decreased by 136% (P ⬍ 0.05) and 41%
(P ⫽ 0.066), respectively, in the ANG II-treated group
compared with the vehicle controls (Fig. 2). Compared
with the vehicle group, histological examination

Fig. 2. Expression of PPAR-␥ protein
in the aorta of apoE-KO mice treated
with ANG II or vehicle. Western blot
analysis detected PPAR-␥ protein (56
kDa) in the cytoplasmic (left) and nuclear (right) compartments. Protein
bands were quantified by densitometry. Cytoplasmic protein levels were
normalized to actin (40 kDa). Nuclear
protein levels were expressed as arbitrary densitometry units. Values are
means ⫾ SE. * P ⬍ 0.05, significantly
different from vehicle.
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Fig. 1. Expression of peroxisome proliferator-activated receptor-␣
(PPAR-␣ , A) and PPAR-␥ (B) mRNA in the aortas of apolipoprotein
E-deficient (apoE-KO) mice treated with ANG II or vehicle. Total
RNA extracted from individual aortic sections (arch, thoracic, suprarenal, infrarenal) was subjected to quantitative RT-PCR using primers specific for PPAR-␣ and -␥. Values were normalized to GAPDH
and are means ⫾ SE. * P ⬍ 0.05, significantly different from vehicle.

showed that the aortas from ANG II-treated mice (Fig.
3, A and B) had thickened media and increased cellularity evident in the adventitia due to increased numbers of mononuclear cells. Morphologically, these
monocytes appeared to be macrophages and were identified with positive Mac-3 staining (data not shown).
The aortic intimal plaques in the ANG II group contained polygonal cells with vesicular cytoplasm (Fig. 3,
D and F). The luminal surface of the plaques was
lined by endothelium. Immunohistochemistry detected
PPAR-␣ protein lightly stained the endothelium, elastin fibers, and foci in smooth muscle cytoplasm of both
vehicle (Fig. 3C) and ANG II-treated (Fig. 3D) mice.
Intimal plaques in ANG II-treated mice did not stain
for PPAR-␣ (Fig. 3D), but PPAR-␥ was strongly expressed in the neointima (Fig. 3F). PPAR-␥ stained
strongly positive in the endothelium of the aorta from
the ANG II group, but was diffusely positive compared
with vehicle controls (Fig. 3, E and F). A significant
PPAR-␥ signal was also present in the extracellular
matrix of the adventitia of both groups (Fig. 3, E and
F). Medial smooth muscle cells of the aorta from the
ANG II-treated mice showed focal perinuclear PPAR-␥
staining, and there was lightly positive and diminished
(relative to vehicle) PPAR-␥ staining of extracellular
matrix in the adventitia (Fig. 3, E and F). All sections
incubated with rabbit IgG antibody were negative
(data not shown).
ANG II increased expression of pro-inflammatory
genes. The mRNA levels of the chemokines (MCP-1 and
M-CSF) (Fig. 4), the endothelial cell adhesion molecules (E-selectin, ICAM-1, VCAM-1) (Fig. 5), and iNOS
and COX-2 (Fig. 6) were increased in all four sections of
aortas from the ANG II-treated group compared with
the vehicle group. Specifically, ANG II treatment increased MCP-1 gene expression by 208–494% (with
statistical significance in the suprarenal aorta) and
M-CSF gene expression by 40–515% (with statistical
significance in the arch and suprarenal aorta) (Fig. 4).
In the ANG II-treated aortas, E-selectin gene expression was increased by 20–106% (with statistical signif-
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icance in the thoracic and suprarenal aorta), ICAM-1
gene expression was increased by 68–239%, and
VCAM-1 gene expression was increased by 409–958%
(with statistical significance in the thoracic, suprarenal, and infrarenal aorta) (Fig. 5). Although no statistical significance was observed, ANG II treatment increased aortic gene expression of iNOS by 14–29% and
COX-2 by 43–382% (Fig. 6). The expression of these
pro-inflammatory genes was not statistically significant between the four sections of the aorta within each
treatment group. Despite increases in transcription of
MCP-1 and ICAM-1 in the aorta, there were no significant differences detected in serum soluble MCP-1
(134 ⫾ 11 vs. 145 ⫾ 5 ng/ml) or soluble ICAM-1 (43 ⫾
5 vs. 33 ⫾ 3 ng/ml) between the vehicle and ANG II
groups (n ⫽ 12–15/group), respectively.
Physiol Genomics • VOL
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ANG II activated the NF-B pathway. Compared
with the vehicle controls, nuclear extracts from the
aortas of the ANG II group displayed a 53% increase
(P ⬍ 0.05) in the activation of NF-B, and competition
assays with unlabeled NF-B oligonucleotides confirmed the specificity of this NF-B DNA binding assay
(EMSA, Fig. 7, A and B). In this particular phase of
NF-B binding, Western blot analysis detected a 29%
increase in the p52 subunit (P ⬍ 0.05, Fig. 7C) and a
20% increase in the p65 subunit (P ⫽ 0.06, Fig. 7D) in
the aortas of the ANG II group compared with those of
the vehicle group. Supershift assays with the p52 and
P65 subunit confirmed the specificity of this NF-B
DNA binding assay (data not shown). The p50 subunit
was not detected in the nuclear extracts in either
treatment groups (data not shown). As expected, reacwww.physiolgenomics.org
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Fig. 3. Histological and immunohistochemical appearance of the suprarenal aorta from apoE-KO mice treated
with ANG II (right) or vehicle (left). Hematoxylin and eosin staining of vehicle (A) and ANG II-treated aorta (B).
In the ANG II-treated aorta, both the media and adventitia are expanded by extracellular matrix with increased
cellularity in the adventitia. Vehicle and ANG II-treated aortas were lightly positive for PPAR-␣ staining in the
endothelial and smooth muscle cells (C and D). The intimal plaques of polygonal vesicular cells in ANG II-treated
aortas were negative for PPAR-␣ (D). Vehicle and ANG II-treated aortas demonstrated evident staining with
PPAR-␥ on endothelial and focal smooth muscle cells (E and F). Aortas from ANG II treatments demonstrated
positive PPAR-␥ staining in the intimal plaques that are overlain by positive staining endothelial cells (F). Original
magnifications: ⫻11 (A and B), ⫻2,150 (C–F).
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(LDLR-KO) mice. PPAR-␣-deficient mice had a prolonged inflammatory response (12), and transplantation of PPAR-␥-null bone marrow into LDLR-KO mice
resulted in a significant increase in atherosclerosis (6).
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Fig. 4. Expression of monocyte chemotactic protein-1 (MCP-1, A)
and macrophage-colony stimulating factor (M-CSF, B) mRNA in the
aortas of apoE-KO mice treated with ANG II or vehicle. Total RNA
extracted from individual aortic sections (arch, thoracic, suprarenal,
infrarenal) was subjected to quantitative RT-PCR using primers
specific for MCP-1 and M-CSF. Values were normalized to von
Willebrand factor (vWF) and are means ⫾ SE. * P ⬍ 0.05, significantly different from vehicle.

tions with the NF-B mutant oligonucleotide resulted
in no detectable activation.
DISCUSSION

In the present study, administration of ANG II for 30
days to apoE-KO mice markedly enhanced vascular
inflammation, the development of atherosclerosis, and
aneurysm formation. These changes were associated
with an increase in mononuclear cell infiltrations in
the aortic wall and mRNA expression of a number of
pro-inflammatory mediators including: chemokines
(MCP-1, M-CSF) and endothelial cell adhesion molecules (E-selectin, VCAM-1). Concomitant with the enhanced pro-inflammatory response, ANG II treatment
also decreased expression of both PPAR-␣ and PPAR-␥
mRNA and protein in the aortic wall.
There is in vivo evidence to indicate that PPARs can
modulate the development and severity of atherosclerosis. Li et al. (20) reported that administration of the
PPAR-␥ activator, rosiglitazone or GW-7845, reduced
the extent of atherosclerosis in LDL receptor-deficient
Physiol Genomics • VOL
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Fig. 5. Expression of endothelial-selectin (E-selectin, A), intercellular
adhesion molecule-1 (ICAM-1, B), and vascular cell adhesion molecule-1 (VCAM-1, C) mRNA in the aortas of apoE-KO mice treated with
ANG II or vehicle. Total RNA extracted from individual aortic sections
(arch, thoracic, suprarenal, infrarenal) was subjected to quantitative
RT-PCR using primers specific for E-selectin, ICAM-1, and VCAM-1.
Values were normalized to vWF and are means ⫾ SE. *P ⬍ 0.05 and
**P ⬍ 0.01, significantly different from vehicle.
www.physiolgenomics.org
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These reports are consistent with an anti-inflammatory and anti-atherosclerotic role for PPARs. Based on
such a role, the concomitant downregulation of PPAR-␣
and -␥ by ANG II in the present study would be expected to contribute to the observed enhanced vascular
inflammation and accelerated atherosclerosis in
apoE-KO mice, probably due to the compromised antiinflammatory potential of PPARs.
The NF-B transcription factor has a major role in
regulating pro-inflammatory genes implicated in the
progression of atherosclerosis. These include adhesion
molecules, cytokines, chemokines, interferons, growth
factors, and other mediators, such as iNOS and COX-2
(19, 21, 25, 26, 34). There is differential induction of
NF-B complexes during the time course of NF-B
activation. NF-B is composed of the transactivator
subunits, Rel A (p65) and c-rel, and the DNA binding
subunits, NF-B1 (p50) and NF-B2 (p52), which form
various hetero- and homodimers (35). In unstimulated
cells, NF-B subunits are associated with the inhibitory protein, IB, resulting in inactivation of DNA
binding activity by preventing translocation of NF-B
Physiol Genomics • VOL
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into the nucleus. Once activated, NF-B binds to recognition elements in the promoter region of pro-inflammatory genes and acts as a dominant regulator of
transcription of these genes to induce inflammation (3).
Since activation of NF-B is linked to enhanced expression of genes predominantly implicated in atherogenesis, we examined whether ANG II treatment was also
associated with increased NF-B activation, thus leading to vascular inflammation. Indeed, EMSA showed
that aortic NF-B nuclear translocation was significantly enhanced, and Western blot analysis of nuclear
aortic extracts demonstrated that the NF-B subunits
(p52 and p65) were increased following ANG II treatment compared with vehicle controls. These data suggest that Rel A:NF-B2 nuclear translocation following
ANG II treatment may be responsible for the activation of NF-B, which in turn, mediates NF-B-dependent expression of chemokines, endothelial cell adhesion molecules, iNOS, and COX-2. Previous studies
have also demonstrated that ANG II induces interleukin-6 (IL-6) transcription through the pleiotropic activation of NF-B (16). In our earlier study, ANG II
increased secretion of IL-6 protein from the aneurysmal segment by 2.4-fold compared with vehicle treatment (37). The overexpression of these pro-inflammatory mediators in the vascular wall observed in the
present study may have disrupted homeostatic antiinflammatory mechanisms, thus leading to atherogenesis and aneurysm formation.
Other studies have demonstrated PPARs ability to
interfere with the NF-B signaling pathway (36). Some
of these mechanisms include protein-protein interactions whereby NF-B proteins are prevented from
binding to their target sequences (22). For example, the
natural PPAR-␥ ligand, prostaglandin 15-deoxy-␦12,14-prostaglandin J2 (15-PDJ2) was found to directly
inhibit the IB kinase which phosphorylates and inactivates IB (31). In this study, we observed decreases
in both PPAR-␣ and -␥ mRNA and protein expression
following ANG II treatment. We speculate that this
decrease in PPAR expression by ANG II treatment
may have diminished its inhibitory effect on the NF-B
signaling transduction pathway, thus inducing expression of NF-B-dependent genes in the aorta, which
contributed to the progress of atherosclerosis. Immunohistochemistry of the suprarenal aneurysmal segment from the ANG II-treated mice demonstrated localization of PPAR-␣ and -␥ protein to endothelial cells,
smooth muscle cells, and monocytic cells, indicating
that PPARs may play a role in the pathogenesis of
atherosclerosis, including modulation of endothelial
activation, smooth muscle proliferation, and monocyte
infiltration. Decreased PPAR-␥ staining in the adventitia correlated with reduced mRNA and protein expression following ANG II treatment. As evident from
our results, PPAR-␥ protein was localized to both macrophages and foams cells in the neointima of ANG
II-treated vessels, the most activated cells in atheroma. The role of PPAR-␥ protein in the neointima of
ANG II-treated vessels is unclear, but recently, it has
been observed that PPAR-␣ or -␥ activators induce
www.physiolgenomics.org
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Fig. 6. Expression of inducible nitric oxide synthase (iNOS, A) and
cyclooxygenase-2 (COX-2, B) mRNA in the aortas of apoE-KO mice
treated with ANG II or vehicle. Total RNA extracted from individual
aortic sections (arch, thoracic, suprarenal, infrarenal) was subjected
to quantitative RT-PCR using primers specific for iNOS and COX-2.
Values were normalized to GAPDH and are means ⫾ SE.
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cholesterol removal from human macrophage foam
cells, indicating that PPAR agonists may counter the
progression of atherosclerosis (8, 23). However,
PPAR-␥ activation has also been suggested to be involved in the differentiation of monocytes into macrophages (24, 27) and the promotion of foam cell formation through the transcriptional induction of CD36 in
human macrophages leading to enhanced oxidized
LDL uptake (24). Currently, it is still unclear whether
activation of PPAR-␣ and -␥ in macrophages promotes
or inhibits atherogenesis. Further studies are warranted to determine the biological roles of PPARs in
the macrophages/monocytes and foams cells and their
effects on atherosclerosis.
In this study, ANG II treatment resulted in a significant increase in both systolic blood pressure and TG
levels. Published studies have suggested that an
increase in systolic blood pressure elicits an inflammatory response (14). Reports have also suggested a significant correlation between TGs and cellular mediators of inflammation (28). Therefore, we cannot rule
out the possibility that the vascular inflammation observed in this study, in response to ANG II treatment,
may be attributed to other factors such as increases in
systolic blood pressure and/or TG levels.
We demonstrated in our previous study that vascular inflammation induced by ANG II in apoE-KO mice
promoted the recruitment and infiltration of macrophages into the vascular wall and activated macrophage-derived urokinase-type plasminogen activator
Physiol Genomics • VOL
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(uPA) in the aneurysmal segment (37). Activated uPA
hydrolyzes plasminogen to form plasmin, which then
activates an array of matrix metalloproteinase
(MMPs). Both plasmin and activated MMPs degrade
fibrin and elastin fibers, which are major components
of the arterial extracellular matrix. Thus activation of
the uPA-plasmin-MMP system enhances proteolysis of
extracellular matrix and contributes to aneurysm formation. This is consistent with the report that uPA
plays a key role in aneurysm formation in apoE-KO
mice fed with high-cholesterol diet (5). In this study,
however, we did not observe a significant difference in
pro-inflammatory or PPAR gene expression between
nonaneurysmal (arch, thoracic, and infrarenal aorta)
and aneurysmal (suprarenal aorta) tissue in the ANG
II-treated animals. Inflammatory infiltrate is the constant histological finding in the abdominal aortic aneurysmal wall (15, 33). The nature of chemotactic factors, which start the influx of inflammatory cells to the
aortic wall, is unknown. Additional studies are needed
to determine whether the specific expression of other
pro-inflammatory genes in the suprarenal aorta may
be specifically involved in ANG II-induced aneurysm
formation.
In summary, the pro-inflammatory actions of ANG II
in the vascular wall have been confirmed in vivo in this
study. Downregulation of PPARs by ANG II may impair an important anti-inflammatory defense mechanism, thus contributing to the enhanced inflammatory
response to ANG II in the artery wall.
www.physiolgenomics.org
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Fig. 7. Induction of nuclear factor-B
(NF-B) binding activity in the aortas
of apoE-KO mice treated with ANG II
or vehicle. Nuclear extracts prepared
from the aortas of apoE-KO mice were
used to bind the 3⬘-biotin-labeled
NF-B oligonucleotide, and the appearance of the sequence-specific
NF-B binding activity was detected
by electrophoretic mobility shift assay
(EMSA) (A and B). Specificity of this
NF-B binding assay was determined
by addition of 50 ng unlabeled NF-B
oligonucleotide (control) (B). Western
blot analysis was performed on aortic
nuclear extracts from apoE-KO mice
using antibodies against the p52 and
p65 NF-B subunits (C and D). NF-B
activation and NF-B subunit protein
levels were quantified by densitometry
and are expressed as arbitrary densitometry units. Values are means ⫾ SE.
* P ⬍ 0.05, significantly different from
vehicle. Similar EMSA results were
seen in 4 independent experiments.
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